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Comprehensive proteomic profiling of plasma
and serum phosphatidylserine-positive extracellular
vesicles reveals tissue-specific proteins

Satoshi Muraoka,1,2 Masayo Hirano,1,2 Junko Isoyama,1,2 Satoshi Nagayama,3 Takeshi Tomonaga,1,2

and Jun Adachi1,2,4,5,6,*

SUMMARY

Extracellular vesicles (EVs) are ubiquitously secreted by almost all tissues and
carry many cargoes, including proteins, RNAs, and lipids, which are related to
various biological processes. EVs are shed from tissues into the blood and ex-
pected to be used as biomarkers for diseases. Here, we isolated EVs from
EDTA plasma and serum of six healthy subjects by an affinity capture isolation
method, and a total of 4,079 proteins were successfully identified by comprehen-
sive EV proteomics. Our reliable and detailed catalog of the differential expres-
sion profiles of EV proteins in plasma and serum between healthy individuals
could be useful as a reference for biomarker discovery. Furthermore, tissue-spe-
cific protein groups co-regulated between blood EVs from healthy individuals
were identified. These EV proteins are expected to be used for more specific
and sensitive enrichment of tissue-specific EVs and for screening and monitoring
of disease without diagnostic imaging in patient blood in the future.

INTRODUCTION

Extracellular vesicles (EVs) are small lipid bilayer-enclosed particles ubiquitously released by almost every

cell type and are present in body fluids, including urea, blood, and cerebrospinal fluid (CSF) (Fang et al.,

2009; Ikeda et al., 2021; Muraoka et al., 2020a, 2021; Thery et al., 2018). EVs are classified into exosomes

(50–150 nm), which are secreted into the extracellular space after the fusion of multivesicular bodies

(MVBs) with the plasma membrane (PM); microvesicles (MVs) (150–1,000 nm), which are shed from the

PM; and apoptotic bodies (1,000–5,000 nm), which are produced from apoptotic cells (DeLeo and Ikezu,

2018; Kowal et al., 2016). Several proteins, such as tetraspanin proteins, syntenin-1, TSG101 and Alix,

have been reported as markers for exosomes (Al-Nedawi et al., 2008; Taylor et al., 2007). On the other

hand, the markers for MVs are glycoprotein 1b, actinin-4, heat shock protein (HSP) 90B1, and myosin light

chain (Castellana et al., 2009; Frühbeis et al., 2013). EVs carry nucleic acids, such as microRNA, mRNA, and

noncoding RNA (ncRNA), lipids, and proteins, which can transfer to recipient cells for cell-to-cell commu-

nication (Delpech et al., 2019; Hoshino et al., 2020; Muraoka et al., 2020b; You et al., 2020). EVs have been

extensively investigated for their function and roles in intracellular communication during cancer develop-

ment and neurodegenerative disease progression (Hoshino et al., 2015; Hosseini et al., 2016; Ma et al.,

2021; Patel and Weaver, 2021; Ruan et al., 2020; Sun et al., 2021).

Hoshino et al. reported a database of the EV proteome from 426 human samples, which included tissue

explants and bodily fluids from control and cancer samples (Hoshino et al., 2020). The average number

of proteins detected in the EVs was 1,482 proteins in 131 tissue explant EVs and 269 proteins in 127 blood

EVs. Blood is the most difficult body fluid to isolate EVs and identify EV proteins due to its high concentra-

tion of nonvesicular materials such as free proteins and protein aggregates (Tian et al., 2019). Most recently,

attention has turned to plasma- and serum-derived EVs as liquid biopsy; this is because various EVs are

shed into the blood and contain cargo that is representative of origin tissue. Thus, the detailed catalog

of blood EV profiling between healthy individuals is an important resource for disease biomarker studies.

Most EV studies for discovery biomarkers have been performed using bulk EVs isolated from body fluids,

including serum and plasma. Bulk EV-based liquid biopsy is excellent in that it can monitor the entire body;

however, it has the disadvantage that changes in certain tissues are diluted. Therefore, the ability to enrich
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tissue-derived EVs is very attractive because it increases the possibility of direct monitoring of tissue-spe-

cific changes without the need to collect tissue. Recently, several researchers have reported the feasibility

of detecting and isolating EVs shed from the brain, liver, prostate, and other tissues in body fluids (Agliardi

et al., 2019; Allelein et al., 2021; Lee et al., 2020; Newman et al., 2021; Rodrigues et al., 2021; Skalnikova

et al., 2019). Brain, prostate, and liver-tissue-specific EVs, which were isolated using L1CAM, SNAP25,

PSMA, and ASGR1 antibodies from serum samples, were used for disease biomarker studies and drug

metabolism studies (Agliardi et al., 2019; Allelein et al., 2021; Lee et al., 2020; Newman et al., 2021; Ro-

drigues et al., 2021; Skalnikova et al., 2019). However, these proteins are known to be expressed in other

tissues, and the specificity and sensitivity need to be carefully confirmed for screening and monitoring

of disease (Norman et al., 2021).

Herein, we provide the comprehensive protein composition of EVs separated from the EDTA plasma and

serum of six healthy subjects by affinity capture (AC) using high-sensitivity data-independent acquisition

(DIA) proteomics. As a novel approach to identify tissue-specific proteins suitable for tissue-derived EV

enrichment, in this study, we attempted to identify candidate tissue-derived EV markers by selecting tis-

sue-specific proteins defined by the Human Protein Atlas (HPA) from a highly comprehensive EV proteome

dataset, as well as EV proteins that are co-regulated between blood EVs obtained from healthy individuals.

RESULTS

Biochemical and morphological characterization of EVs separated from plasma and serum

Our experimental design for protein profiling of plasma- and serum-derived EVs is outlined in Figure 1A.

Blood from six healthy subjects was collected with EDTA for plasma and without anticoagulants for serum.

All samples were centrifuged at 1,200 g and passed through 0.45-mmfilters, and EVs were separated with an

AC isolation kit for proteomics analysis. The NTA results identified the EV population, which included MVs

and exosomes with sizes between 100 and 300 nm (Figure 1B). The particle counts were 2.70 3 1011 and

5.70 3 1011 in 150 mL of plasma and serum and between 1.10 3 109 and 1.28 3 109 in 100 mL of separated

plasma EV and serum EV fractions, respectively (Table 1). There were 2.37 3 107 particles / mg protein in

plasma, 1.31 3 109 particles / mg protein in the separated EV fraction from plasma, 5.00 3 107 particles /

mg protein in serum, and 1.50 3 109 particles / mg protein in the separated EV fraction from serum. The re-

sults suggest that the AC method can efficiently enrich EV particles and remove highly abundant contam-

inant proteins from the plasma and serum. The separated EVs were observed by Transmission Electron Mi-

croscopy (TEM), which showed exosomal morphology, as commonly seen in separated plasma and serum

EVs (Figure 1C). EV markers such as CD9 and FLOT1 (flotillin 1) were clearly represented in both EV frac-

tions, whereas contamination markers such as apolipoprotein B (ApoB) and human serum albumin (HSA)

in the MISEV 2018 guidelines (Thery et al., 2018) were completely absent in the serum EV fraction, but

ApoB was found at a low level in the plasma EV fraction (Figure 1D). The western blotting results were

consistent with the proteomics results (Tables S1 and S2).

Protein profiling of plasma- and serum-derived EVs

Data-independent acquisition label-free quantitative proteomics analysis of the separated EV fraction

identified a total of 4,079 proteins (Table S1). Figure 2A shows a Venn diagram comparing plasma-derived

EV proteins with serum EV proteins. We subjected the proteomics dataset to Gene Ontology (GO) analysis

with the Database for Annotation, Visualization, and Integrated Discovery (DAVID) (Dennis et al., 2003). The

identified proteins from plasma and serum EVs showed enrichment of extracellular exosomes in the cellular

component category and protein binding in the molecular function category, respectively. The biological

process and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway categories showed enrichment

of leukocyte migration, the T cell receptor signaling pathway, endocytosis, and phagosomes, which are

related to immune functions (Figure 2B). Figure 2C shows the identified number and the percentage of

EV proteins and non-EV proteins, which have been reported in the MISEV 2018 guidelines (Thery et al.,

2018), in our study and four previous studies (Ding et al., 2020; Fel et al., 2019; Jeannin et al., 2018; Pietrow-

ska et al., 2021) (Table S2). Our study found 54 proteins in both plasma- and serum-derived EVs in category

1 (transmembrane GPI-anchored proteins associated with the PM and/or endosomes), whereas 28, 12, 6,

and 6 EV proteins were identified in other studies. The 33 proteins in both plasma- and serum-derived

EVs were identified in category 2 (cytosolic proteins recovered in EVs) in our study and 20, 12, 5, and 4

EV proteins in other studies. In the category of tetraspanin and the endosomal sorting complexes required

for transport (ESCRT) family, 20 proteins were identified in both plasma- and serum-derived EVs, whereas

17, 9, 9, 13 proteins were identified in other studies. The percentages of proteins belonging to category 3
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(major components of non-EV co-isolated structures) were 10.9% and 10.8% in our study and 17.0%, 23.1%,

13.9%, and 12.1% in previous studies, respectively (Figure 2C).

Proteomics comparison of plasma- and serum-derived EV proteins

Principal component analysis (PCA) showed a large separation of the plasma and serum EV proteomes (Fig-

ure 3A). Figure 3B shows the scatter plots of the signal intensity for 1,573 common proteins, which were

quantified in all subjects at technical triplicates, between plasma EV and serum EV (Figures S1 and S2

and Table S3). The expression levels were positively correlated between plasma EVs and serum EVs (r =

0.7381, p < 0.0001). However, 157 proteins (10.1%) were 5 times different between plasma and serum. Func-

tional enrichment analysis of the 1,547 proteins revealed that the pathways related to complement and

coagulation cascades and cholesterol metabolism were overrepresented, and platelet activation was un-

derrepresented in plasma EVs compared with serum EVs (Figure S3 and Table S4). We calculated the co-

efficient of variation (CV) for each individual protein across all subjects within plasma or serum (Figure 3C).

The cytoplasmic protein NCK1 showed a low CV in both plasma (CV = 10.95) and serum (CV = 8.70). Beta-

actin-like protein (ACTBL2) (CV = 3.64) in plasma EVs and ADP-ribosylation factor (ARF6) (CV = 4.42) in

serum EVs may be good standard EVmarkers (Figure 3D, Tables 2 and 3). CD9, CD81, and CD63 had higher

CVs in both plasma and serum (Figure 3D). Spearman’s correlation coefficient and p value were calculated

for the 1,573 proteins, and a heatmap of the protein-protein correlation matrix based on these EV proteins
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Figure 1. Characterization of EVs separated from human plasma and serum by AC

(A) Workflow used for proteomics analysis of EVs from the plasma and serum of six healthy subjects. EVs were separated

from plasma samples and serum samples from six healthy subjects using the ACmethod (MagCapture Exosome Isolation

kit). The separated EVs were analyzed by MS2 on an Orbitrap Fusion Lumos Tribrid Mass Spectrometer.

(B) EVs separated from plasma and serum were examined for size and number by NTA. The black line shows the fitting

curve. The red line represents the error bar. Y axis: EV particle counts [/mL], X axis: EV particle size [nm].

(C) TEM image of EVs separated from plasma and serum. Scale bar, 100 nm. Left, plasma EV; right, serum EV.

(D) Assessment of EV markers (CD9 and FLOT1) and non-EV markers (ApoB and HSA) in plasma, serum, and EV fractions

by western blotting. In terms of undiluted solution, 10 mL of EVs (equivalent to 15 mL of plasma and serum) and 0.001 mL of

plasma and serum were loaded onto SDS-PAGE gels. ‘‘See also Figure S8.’’
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was generated (Figure S4 and Tables S5, S6, S7, and S8). These data show the different expression patterns

of EV proteins between plasma EVs and serum EVs. Proteins with low CV values might be suitable for

housekeeping proteins for EV protein analysis.

Enrichment of tissue-specific proteins in plasma and serum EVs

To design the isolation of tissue- and organelle-derived EVs from circulating EVs in blood for clinical

biomarker applications, we searched tissue-specific proteins within the plasma and serum EV proteomics

data using a combination of RNA sequencing analysis with HPA as a reference and coregulation analysis

across individuals (Tables S1, S5, S6, S7, and S8). Protein coregulation analysis based on the correlation

coefficient protein expression level is able to capture the interaction of protein-protein associations with

high accuracy (Johnson et al., 2020; Lapek et al., 2017). Therefore, if the expression of certain EV proteins

is positively correlated, it suggests that these proteins co-localize in EVs secreted from a particular tissue.

Proteins with at least 4-fold increased expression in the tissue of interest compared with other tissues

were defined as tissue-specific proteins in the HPA dataset (Table S1). Thus, we screened EV proteins

with more than 4-fold increased expression in our plasma and serum EV proteomic datasets. Figure 4A

shows a histogram of the number of tissue-specific proteins in the HPA dataset and our dataset. A total

of 242 proteins were defined as liver tissue-specific proteins in the HPA dataset, and 120 and 112 pro-

teins in plasma and serum EVs, respectively, were annotated as liver tissue-specific proteins (Figure 4A

and Table 4). For the liver-tissue-specific proteins in EVs, KEGG pathway analysis showed enrichment of

complement and coagulation cascades and the PPAR signaling pathway (Figure S5). Complement pro-

teins and albumin are defined as non-EV proteins in the MISEV 2018 guidelines; however, it is possible

that these proteins are liver-tissue-specific EV proteins because they are mainly produced in the liver.

Moreover, cytochrome P450 family 4 subfamily F member 3 (CYP4F3), which is involved in drug meta-

bolism, was identified in blood EVs. Comparison of quantitative values showed that liver-tissue-specific

proteins were more enriched in plasma EVs than in serum EVs (Table S1). These results indicate that

plasma EVs might be useful to assess drug metabolism in blood. Interestingly, 34 and 36 brain-tissue-

specific proteins were enriched in plasma and serum EVs, respectively (Table 4). Co-regulation analysis

revealed that seven proteins or three proteins in plasma EVs or serum EVs had a strong positive corre-

lation and a p value < 0.001 in plasma EVs and serum EVs (Figures 4B and S6, Tables S9 and S10). The

strong positive correlation among these brain-specific protein groups suggests that they were enriched

in brain-derived EVs in a highly specific manner. Moreover, four proteins (Syntaxin-binding protein 1

(STXBP1), Neuronal membrane glycoprotein M6-a (GPM6A), Phosphatidylserine decarboxylase proen-

zyme 2 (PSD2), Rab GDP dissociation inhibitor alpha (GDI1)) and two proteins (Choline transporter-like

protein 1 (SLC44A1), 2’,3’-cyclic-nucleotide 3’-phosphodiesterase (CNP)) were neuron type-specific and

oligodendrocyte-specific proteins, respectively, in brain tissue (Sharma et al., 2015). The correlation co-

efficients between 13 brain-specific proteins are shown in Figure S7 and Tables S9 and S10. Figure 4C

shows the direct and indirect protein-protein interactions, specifically those of neuron-specific (blue)

and oligodendrocyte-specific (green) proteins, in brain tissue and the protein-protein correlation values

among 13 proteins (with direct interactions) and 10 proteins (with indirect interactions). GPM6A, STXBP1,

and GDI1 interact indirectly through amyloid precursor protein (APP), microtubule-associated protein tau

(MAPT), presenilin-1 (PSEN1), and huntingtin (HTT), which are related to neurodegenerative diseases,

including Alzheimer disease (AD), progressive supranuclear palsy (PSP), and Huntington disease (HD).

Interestingly, PSEN1, MAPT, APP, and HTT might be contained in neuron-derived EVs, which express

GPM6A, STXBP1, and GDI1, according to protein-protein interaction analysis, and EVs might be released

from brain tissue into the blood through the blood-brain barrier. Furthermore, several proteins were

defined as intestine (Angiotensin-converting enzyme (ACE) and 1-phosphatidylinositol 4,5-bisphosphate

phosphodiesterase beta-3 (PLCB3)), skeletal muscle (Xin actin-binding repeat-containing protein 2

(XIRP2), Serine/threonine-protein kinase 25 (STK25), Fructose-bisphosphate aldolase A (ALDOA),

Table 1. Enrichment of EVs separated from plasma and serum with an AC kit

Human plasma Plasma EV fraction Human serum Serum EV fraction

Particle numbera 2.70 3 1011/150 mL plasma 1.10 3 109/100 mL 5.70 3 1011/150 mL serum 1.28 3 109/100 mL

EV protein (mg)b 11,400 0.898 11,400 0.84

Particles/proteins (mg) 2.37 3 107 1.31 3 109 5.00 3 107 1.50 3 109

aThe number of particles isolated from EVs was measured by NTA.
bThe EV protein concentrations were measured by BCA.
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Pyruvate kinase PKM, Phosphoglucomutase-1 (PGM1), UV excision repair protein RAD23 homolog A

(PAD23A), and Charged multivesicular body protein 1b (CHMP1B)), and other tissue-specific proteins

in healthy blood EVs by HPA and coregulation analysis (Tables S1, S5, S6, S7, and S8). These data can

provide information for the development of high-sensitivity EV-based biomarker assays using blood

for the monitoring of disease.
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Figure 2. Protein profiling of plasma- and serum-derived EVs

(A) Venn diagram of the proteins identified in plasma- and serum-derived EVs by label-free proteomics analysis.

(B) GO analysis using DAVID Bioinformatics Resources 6.8. The top 10 enriched GO terms in the biological process,

cellular component, molecular function, and KEGG pathway categories are represented.

(C) The bar graph comparing the proteomic data of our study and four previous studies of the EV proteome in the

category indicated by the MISEV 2018 guidelines. The top panel shows the number of identified proteins in these

categories. The bottom panel shows the percentage of total proteins (all categories). Category 1 (blue): transmembrane

GPI-anchored proteins associated with the PM and/or endosomes; category 2 (green): cytosolic proteins recovered in

EVs; category 3 (yellow): major components of non-EV co-isolated structures; category 4 (black): transmembrane, lipid-

bound, and soluble proteins associated with intracellular compartments other than PM/endosome; and category 5 (gray):

secreted proteins recovered with EVs, tetraspanin family proteins (red), ESCRT family proteins (purple). ‘‘See also Tables

S1 and S2.’’
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DISCUSSION

Plasma- and serum-derived EVs are considered liquid biopsies for disease-associated changes because

EVs are shed into the blood from the tissue of origin. Tissue-derived EVs are thought to reflect tissue

changes more directly than bulk EVs; thus, tissue-derived EV analyses have been reported for several tis-

sues. Rodrigues et al. reported that liver-derived EVs were separated from serum samples using a novel

two-step protocol that combines a size exclusion chromatography (SEC) column and an anti-ASGR1 immu-

nocapture step for drug metabolism and biomarkers of liver disease (Newman et al., 2021; Rodrigues et al.,

2021). Allelein et al. reported that PSMA, which is located on the membrane, isolated prostate-derived EVs
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Figure 3. Proteomics comparison of plasma- and serum-derived EV proteins

(A) PCA of plasma and serum EV proteomics data from six pair-samples by Perseus software. Circles and squares show

plasma and serum samples, respectively, from six individual healthy subjects.

(B) Scatterplot showing correlations between serum and plasma EV protein expression levels, which were measured using

label-free proteomics. The Pearson’s r was 0.7381 (p < 0.0001).

(C) Frequency histogram of the CV for plasma- and serum-derived EV proteome data.

(D) The dot plot of proteins with low CVs for standard proteins in plasma EVs, serum EVs, and both plasma and serum EVs.

Data are represented as mean G SEM ‘‘See also Figures S1–S4 and Tables S3, S4, S5, S6, S7, and S8.’’
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from cell culture supernatants with immunomagnetic beads and became a promising candidate for liquid-

biopsy-based diagnostics (Allelein et al., 2021). In a brain-tissue-specific EV study, L1CAM was identified

as a brain-tissue-specific protein; however, Norman et al. reported that L1CAM was not present in

blood-derived EVs and was present as a soluble protein in blood (Lee et al., 2020; Norman et al., 2021).

Although the tissue-specific markers used in the aforementioned examples are based on previous

knowledge, large-scale tissue-specific expression information such as HPA has recently become publicly

available, making it possible to select proteins with higher tissue specificity. We successfully identified tis-

sue-specific EV proteins in healthy plasma and serum using a combination of the HPA database and protein

coregulation analysis, which may be a suitable method for selecting tissue-specific proteins in plasma and

serum EVs (Tables S1, S5, S6, S7, and S8) (Johnson et al., 2020; Lapek et al., 2017; Rodrigues et al., 2021).

Brain-derived EVs are expected to be amonitoring source for the brain, as brain tissue cannot be harvested

alive. In 2021, the Food and Drug Administration (FDA) approved Aduhelm (aducanumab), which reduces

soluble and insoluble amyloid beta in the brain, for the treatment of early Alzheimer disease (AD) (Sevigny

et al., 2016). Thus, we need to screen patients with early AD from healthy adults for aducanumab therapy

andmonitor the progression of AD. In this study, we identified 39 brain-tissue-specific proteins in our blood

EV proteome data and showed a strong positive correlation across some brain-tissue-specific proteins.

STXBP1, GPM6A, PSD2, and GDI1 were found to be neuron-cell-specific proteins in brain tissue, and

STXBP1, GPM6A, and GDI1 in particular interact indirectly through APP, MAPT, and HPP, which are related

to neurodegenerative disease and may be enriched in the same EVs in the blood (Inoue et al., 2015; Ito

et al., 2018; Sharma et al., 2015). The detection of APP and MAPT in brain-tissue-specific neuronal EVs,

which are enriched by STXBP1, GPM6A, and GDI1 protein, is expected to screen for early AD and monitor

the progression of AD. It has been reported that brain-derived EVs can be detected in the blood (Lee et al.,

2020; Ricklefs et al., 2019; Sproviero et al., 2018), but it is not yet known how they are released from brain

tissue into the blood through the blood-brain barrier (BBB). These brain-tissue-specific proteins may eluci-

date the mechanism by which EVs cross the BBB. Furthermore, liver-, intestine-, skeletal muscle-, and other

Table 2. Top 10 stably identified proteins in six plasma-derived EV samples

UniProt ID Genes CV (%) in plasma EVs CV (%) in serum EVs

Q562R1 ACTBL2 3.64 48.34

P55786 NPEPPS 5.41 31.29

Q9UJU6 DBNL 5.46 42.38

P11766 ADH5 5.64 30.80

Q70IA8 MOB3C 5.66 9.97

P23526 AHCY 5.66 21.91

P10075 GLI4 5.76 34.21

P43034 PAFAH1B1 5.88 32.33

P35579 MYH9 5.92 35.31

P60660 MYL6 5.95 34.30

Table 3. Top 10 stably identified proteins in six serum-derived EV samples

UniProt ID Genes CV (%) in plasma EVs CV (%) in serum EVs

P62330 ARF6 11.86 4.42

P04899 GNAI2 16.38 6.13

Q92598 HSPH1 10.65 6.80

Q9ULF5 SLC39A10 15.84 7.37

Q9BS40 LXN 11.63 8.11

Q9NUQ9 FAM49B 18.07 8.35

P02766 TTR 47.42 8.46

P16333 NCK1 10.95 8.70

Q969P0 IGSF8 9.17 8.91

P43250 GRK6 16.38 9.14
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tissue-specific proteins were found to be co-regulated in healthy blood EVs. Future studies on the separa-

tion of EVs from plasma and serum by tissue-specific EV proteins would provide new biomarkers for diag-

nosing and monitoring the progression of tissue-specific disease without diagnostic imaging.

There is no consensus on standard reference proteins for EV protein study normalization in plasma and

serum EVs. In the present study, we found several proteins that were detected more commonly among

the samples within a 10% CV value than commonly used EV markers, such as CD9, CD81, and CD63. These

proteins, mentioned later, may be useful as endogenous housekeeping controls in plasma and serum for

EV protein assays. The plasma EV proteins ACTBL2, NPEPPS, and DBNL; the serum EV proteins ARF6,

GNAI2, and HSPH1; and the plasma and serum EV proteins NCK1, GNAI2, and SLC39A10 had low CV

values among each EV sample (Figure 3D, Tables 4 and S3). GNAI2 was found in the top 100most abundant

EV proteins reported in ExoCarta (Keerthikumar et al., 2016). Therefore, our CV data may serve as informa-

tion for finding standard reference candidate proteins in plasma and serum EVs for EVs or for selecting

serum or plasma for the detection of specific target markers. Our data will be more robust with larger sam-

ple validation in the future.

Proteome profiling of plasma and serum EVs has been performed following ultracentrifugation (UC), SEC,

precipitation, and AC in downstream proteomics analysis (Ding et al., 2020; Ebrahimkhani et al., 2018; Fel
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Figure 4. Enrichment of tissue-specific proteins in plasma and serum EVs

(A) Enrichment of tissue-specific proteins in plasma- and serum-derived EVs. Gray bar: tissue-specific proteins by RNA

sequencing of data from the HPA. Blue bar: identified tissue-specific proteins in plasma EVs. Green bar: identified tissue-

specific proteins in serum EVs.

(B) Protein networks of seven proteins or three proteins with a strong positive correlation (p < 0.001) between brain tissue-

specific proteins in plasma EVs or serum EVs.

(C) Protein-protein interaction networks of 13 proteins (STXBP1, GPM6A, PSD2, GDI1, SLC44A1, CNP, MBP, GNG7,

SLC6A5, NRGN, YQHAH, TMEM59L, LLGL1), which were identified as brain-tissue-specific proteins by IPA in plasma and

serum EVs. Pale blue symbols represent four neuron-specific proteins (STXBP1, GPM6A, PSD2, GDI1) in brain tissue,

whereas green symbols represent oligodendrocyte-specific proteins (SLC44A1, CNP) in brain tissue. Gray symbols show

proteins identified in this study. ‘‘See also Figures S5–S7 and Tables S1, S5, S6, S7, S8, S9, and S10.’’
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et al., 2019; Jeannin et al., 2018; Pietrowska et al., 2021). Our study showed more than 4,000 proteins in EV

proteomics and identified more EV markers than previous studies. Our approach effectively isolated EVs

containing EV markers from plasma and serum (Tables 1 and S2). Regarding non-EV proteins such as albu-

min and apolipoprotein, we identified them at a lower ratio than previous studies (Figure 2C). This AC

method captures and enriches phosphatidylserine (PS)+ EVs, including apoptotic bodies from body fluids.

Matsumura et al. reported that two subtypes of EVs containing different rates of PS+ EVs could be sepa-

rated from the culture media of cancer cells by density gradient UCmethods (Matsumura et al., 2019). How-

ever, it is not known howmany PS- EVs exist in biospecimens. Most recently, Matsumoto et al. reported that

the PS� EV subpopulation in blood is present for a long time due to its escape from macrophage uptake

(Matsumoto et al., 2021). Thus, somatic-cell-derived EVs in the endogenous blood are mainly PS� EVs,

which would allow for highly sensitive and specific detection (Matsumoto et al., 2021). Previously, PS+

EVs were shown to be involved in tumor growth and metastasis and are expected to be tumor and neuro-

logical disease markers (Birge et al., 2016; Lea et al., 2017; Sharma et al., 2017). Further studies are impor-

tant to clarify the characteristics of PS+ EVs and PS� EVs in blood and to compare with the results of EVs

isolated by other isolationmethods, including UC and SEC, which are able to isolate amore comprehensive

EV population for biomarker discovery.

There were differences in plasma and serum EV profiles across individuals (Figures 3A and 3B). However,

the contribution of Components 1 and 2 in Figure 3A is 74.4% and 6.6%, indicating that the difference be-

tween plasma and serum has a greater influence on the PCA than the difference between individuals. In

addition, the top five PC1 loading factors included alpha-actinin (ACTN1), coronin-1C (CORO1C), Tubulin

alpha-8 (TUBAB8), Filamin-A (FLNA), and Tubulin alpha-4 (TUBA4), whereas the bottom included fibrin-

ogen beta, gamma, Complement 2 (C2), matrix Gla (MGP), and Fibrinogen alpha (FGA). Fibrinogen family

proteins, which are synthesized in the liver, are known to be abundant in plasma, and they are enriched in

Table 4. Enrichment of tissue-specific proteins in EVs separated from plasma and serum

Source (tissue)

Tissue

enrichmenta Total

Plasma and

Serum EVs Plasma EVs Serum EVs

Testis 950 23 14 21 16

Brain 488 39 31 34 36

Liver 242 123 109 120 112

Lymphoid 123 13 13 13 13

Intestine 122 15 11 14 12

Skin 113 11 11 11 11

Skeletal muscle 111 19 16 18 17

Placenta 91 11 10 11 10

Retina 87 4 3 4 3

Pancreas 64 2 2 2 2

Blood 57 14 13 13 14

Kidney 53 4 4 4 4

Salivary gland 42 6 2 5 3

Bone marrow 29 15 13 15 13

Heart muscle 29 3 3 3 3

Parathyroid 22 6 5 5 6

Breast 19 2 1 2 1

Lung 13 2 1 2 1

Thyroid gland 13 1 1 1 1

Tongue 11 3 2 3 2

Adrenal 9 1 1 1 1

Fallopian tube 6 1 1 1 1

Vagina 3 2 2 2 2

aThe number of genes with enriched expression in a particular tissue compared with other tissues.
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plasma EVs compared with serum EVs (Tennent et al., 2006). The KEGG enrichment analysis revealed that

proteins related to complement and coagulation cascades and cholesterol metabolism were enriched in

plasma EVs, whereas proteins related to platelet activation were enriched in serum EVs (Figure S2). Gyorgy

et al.. and Palviainen et al. showed that serum contains more platelet-derived EVs than acid citrate dextrose

(ACD) or EDTA plasma because ACD and EDTA inhibit platelet activation in blood samples after blood

collection (György et al., 2014; Palviainen et al., 2020). The HPA data showed higher expression levels of

fibrinogen and lipoproteins in the liver than in other tissues (Table S1), and liver-tissue-specific proteins

were increased in plasma EVs compared with serum EVs. The results of the differences between serum

and plasma EV proteomes are consistent with existing reports as described earlier. The differences in sensi-

tivity and reproducibility between serum and plasma EVs for each protein were also revealed for nearly

4,000 proteins in this study. Our proteomic profiling of plasma EVs and serum EVs would be helpful for

determining whether plasma or serum should be used for biomarker discovery of organ-specific diseases.

Limitations of the study

Comprehensive MS profiling of plasma and serum EV can provide a detailed catalog of the differential

expression profiles of EV proteins in plasma and serum among healthy individuals and a list of tissue-spe-

cific EV proteins in healthy individuals. The tissue-specific EV proteins were screened by comparison with

our plasma/serum EV proteomics dataset and RNA sequencing analysis (HPA dataset). Proteome studies of

human tissue have successfully quantified 13,000 proteins (Jiang et al., 2020; Wang et al., 2019), but there

were fewer tissue-specific proteins than with HPA dataset. Further investigation is necessary to identify and

quantify more proteins in healthy human tissues by comprehensive proteome analysis to compare tissue-

specific proteins and plasma/serum EV proteins of human. In addition, as they have only been identified in a

small cohort of healthy individuals, it would be preferred to replicate them in a larger sample of healthy

individuals and patients with diseases.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-Human CD9 (D3H4P) Cell Signaling Techonology Cat# 13403; RRID:AB_2732848

Rabbit anti-Human FLOT1 (EPR6041) Abcam Cat# ab133497; RRID:AB_11156367

Mouse anti-Human Alix (3A9) Cell Signaling Techonology Cat# 2171; RRID:AB_2299455

Mouse anti-Human ApoB (A-6) Santa Cruz BioteB6:C7chnology Cat# sc-393636

Mouse anti-Human serum albumin (MAB1455) R&D Systems Cat# 188835

Anti-mouse IgG, HRP-linked antibody Cell Signaling Techonology Cat# 7076; RRID:AB_330924

Anti-rabbit IgG, HRP-linked antibody Cell Signaling Techonology Cat# 7074; RRID:AB_2099233

Biological samples

Human blood Healthy adult N/A

Chemicals, peptides, and recombinant proteins

0.45-mm Spin-X centrifuge tube Corning CLS8162

Heparin sodium solution Fujifilm WAKO Pure Chemical Corporation 085-00134

Carbon-film grid Nisshin EM 2634

Filter paper ADVANTEC 21055

4% to 20% gradient gel Dream Realization & Communication Co. Ltd NXV-2761HP20

Immobilon-P membrane, PVDF 0.45-mm Millipore IPVH304F0

Blocking One solution Nacalai Tesque 03953-95

Tris(2-carboxyethyl)phosphine (TCEP) WAKO 209-19861

Iodoacetamide Nacalai Tesque 19302-54

L-cysteine Nacalai Tesque 1030912

Lys-C WAKO 121-02541

Trypsin solution WAKO 202-20081

Critical commercial assays

Detergent compatible (DC) protein assay Bio-Rad 500-0116

MagCapture Exosome Isolation

Kit PS version 2

Fujifilm WAKO Pure Chemical Corporation 290-84103

Deposited data

Deposition of mass spectrometry proteomics

data

jPOST repository PXD025750

Software and algorithms

Nanosight NTA 3.3 software Malvern Panalytical Inc https://www.malvernpanalytical.com/

DIA-NN software (Ver. 1.7.12) Demichev et al. (2020) https://github.com/vdemichev/DiaNN

(Demichev et al., 2020)

UniProt database UniProt Consortium https://www.uniprot.org/ (Consortium et al.,

2020)

Perseus ver. 1.6.14.0 Tyanova et al. (2016a, 2016b) https://maxquant.org/perseus/ (Tyanova et al.,

2016b)

GraphPad Prism 9 GraphPad Software https://www.graphpad.com

Ingenuity Pathway Analysis QIAGEN https://digitalinsights.qiagen.com/products-

overview/discoveryinsights-portfolio/analysis-

andvisualization/qiagen-ip
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Project reader Jun Adachi (jun_adachi@nibiohn.go.jp)

Materials availability

This study did not generate any new unique reagents.

Data and code availability

The datasets generated in this study are available via ProteomeXchange with identifier PXD025750.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The study involved the use of human peripheral blood from six healthy adults. Six healthy subjects (gender;

3 males and 3 females, age; 52.2G 10.7) from the Cancer Institute Hospital of the Japanese Foundation for

Cancer Research provided EDTA plasma samples and matched serum samples. The Institutional Review

Board of the Cancer Institute Hospital of the Japanese Foundation for Cancer Research approved the pro-

tocol, and all participants provided informed consent.

METHOD DETAILS

Separation of EVs from human plasma and serum samples

EVs were separated from human plasma and serum using theMagCapture Exosome Isolation Kit PS version

2 (# 290-84103 FujifilmWAKO Pure Chemical Corporation). Briefly, 150 ml of plasma and serum were added

to 350 ml of Tris-buffered saline (TBS) and centrifuged at 1,200 g for 20 min at 4�C. The supernatant was

filtered through a 0.45-mm Spin-X centrifuge tube (# CLS8162 Corning), and then 5.0 ml of 1 U/ml heparin

sodium solution (# 085-00134 Fujifilm WAKO Pure Chemical Corporation) was added only to the EDTA

plasma samples to maintain the anticoagulant effect instead of EDTA. The EVs were eluted with 100 ml

of elution buffer, and 80 ml of eluate was used for proteomics analysis.

Nanoparticle tracking analysis (NTA)

All samples were diluted in double-filtered PBS (dfPBS) at least 1:10 or more to obtain particles within the

target reading range for the Nanosight 300 machine (Malvern Panalytical Inc), which is 10-100 particles per

frame. Using a manual injection system, five 30-sec videos were taken for each sample at 21�C. Analysis of
particle counts was carried out with Nanosight NTA 3.3 software (Malvern Panalytical Inc) with a detection

threshold of 5.

Transmission electron microscopy (TEM)

EVs separated from plasma and serum were analyzed by TEM. Five microliters of the EV sample was ad-

sorbed for 10 sec on a carbon-film grid (# 2634 Nisshin EM). Excess liquid was removed with filter paper

(# 00021055 ADVANTEC), and the grid was then floated briefly on a drop of water (to wash away phosphate

or salt), blotted on filter paper, and stained with 2% uranyl acetate (# 22400 EMS) in water for 10 sec. After

removing the excess uranyl acetate with filter paper, random fields were photographed using a HITACHI H-

7600 electron microscope at 100 kV.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

DAVID Bioinformatics Resources 6.8 Huang et al. (2009) https://david.ncifcrf.gov/ (Huang et al., 2009)

STRING database Szklarczyk et al. (2017) https://string-db.org/ (Szklarczyk et al., 2017)

IBM SPSS software ver. 27 IBM https://www.ibm.com/

R studio (ver. 1.4.1103) R Studio https://rstudio.com/

Venny_2.1 http://bioinfogp.cnb.csic.es/tools/venny/
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Protein concentrations

The detergent compatible (DC) protein assay (# 500-0116 Bio-Rad) was used to determine the protein con-

centration for each sample. Due to the limited amount of sample, plasma and serum samples were diluted

1:1000, EVs were diluted 1:10 before loading into the assay, and a 1:5:40 ratio of sample to reaction com-

ponents (A’ and B) was used. All assay mixtures were incubated at 37�C for 15 min before the protein con-

centration was read on an iMark Microplate Absorbance Reader (# 1681130J1 Bio-Rad) at 750 nm.

Western blotting

EV samples from plasma and serum and plasma and serum samples were run in a 4% to 20% gradient gel (#

NXV-2761HP20, Dream Realization & Communication Co. Ltd., Japan) and electrotransferred to an Immo-

bilon-P membrane, PVDF 0.45-mm (# IPVH304F0, Millipore). The membrane was blocked in Blocking One

solution (# 03953-95 Nacalai Tesque) before being immunoblotted with specific primary antibodies (CD9

(D3H4P), # 13403 Cell Signaling Technology; Alix (3A9), # 2171 Cell Signaling Technology; flotillin

(FLOT1), # EPR6041 Abcam; apolipoprotein B (A-6), # sc-393636 Santa Cruz Biotechnology; human serum

albumin (MAB1455), # 188835 R&D Systems). The membrane was incubated with HRP-labeled secondary

antibodies (mouse, # 7076S; rabbit, # 7074S; Cell Signaling Technology) and scanned using a LAS4000

multicolor microscope (Fujifilm).

In-solution digestion

Separated EV fractions were lysed with lysis buffer (12 mM sodium deoxycholate, 12 mM sodium lauroyl

sarcosinate, 50 mM ammonium bicarbonate (ABC)), and then the mixed samples were vortexed for

5 min at room temperature followed by spin down and boiling for 10 min at 95�C. The samples were

reduced with 10 mM tris(2-carboxyethyl)phosphine (TCEP) (# 209-19861 WAKO) for 30 min at 37�C and al-

kylated with 20 mM iodoacetamide (# 19302-54 Nacalai Tesque) for 30 min at 37�C in the dark. Subse-

quently, L-cysteine (# 1030912 Nacalai Tesque) was added to the samples to a final concentration of

21 mM, and then the mixed sample was incubated for 10 min at room temperature. The samples were di-

gested with 2 mL of 1 mAU/mL Lys C (#121-02541WAKO) and 0.5 mg/mL trypsin solution (#202-20081 WAKO)

overnight at 37�C. The digested peptides were desalted via the stop-and-go-extraction tip (StageTip) pro-

tocol (Rappsilber et al., 2007), dried via vacuum centrifugation, and resuspended in 2% acetonitrile 1% tri-

fluoroacetic acid for liquid chromatography and tandem mass spectrometry (LC-MS/MS) processing.

Mass spectrometry

Nano-LC-MS/MS

Nano-LC-MS/MS analysis was conducted with an LTQ-Orbitrap Fusion Lumos mass spectrometer (Thermo

Fisher Scientific, USA) equipped with an UltiMate 3000 Nano LC system (Thermo Fisher Scientific, Bremen,

Germany) and an HTC-PAL autosampler (CTC Analytics, Zwingen, Switzerland). Peptides were separated

on an analytical column (75 mm 3 50 cm, packed in-house with ReproSil-Pur C18-AQ, 1.9 mm resin, Dr.

Maisch, Ammerbuch, Germany), and separation was achieved using a 145-min gradient of 5 to 30% aceto-

nitrile in 0.1% formic acid at a flow rate of 280 nL/min. Data were acquired using data-independent acqui-

sition mode (DIA). An Orbitrap Fusion Lumos mass spectrometer was used for gas-phase fractionation

(GPF)-DIA acquisition of a pooled sample for library, and full mass spectra were acquired with the following

parameters: a 2-m/z isolation window, a resolution of 120,000, an automatic gain control (AGC) target of

4 3 105 with an injection time of 86 ms, and a normalized collision energy of 30. The five GPF-DIA runs

collectively covered 395-805 m/z (i.e., 395-485, 475-565, 555-645, 635-725, and 715-805 m/z). For the indi-

vidual samples for proteome profiling acquisition, full mass spectra were acquired with the following pa-

rameters: an 8-m/z isolation window, a resolution of 50,000, an AGC target of 4 3 105 with an injection

time of 86 ms, and a normalized collision energy of 30.

QUANTIFICATION AND STATISTICAL ANALYSIS

MS data analysis

MS data (raw file) were processed with DIA-NN software (Ver. 1.7.12) (Demichev et al., 2020). Database

searching included all entries from the Homo sapiens UniProt database (downloaded in April 2020, taxon-

omy ID: 9606) and contaminant database (Tyanova et al., 2016a). This database was concatenated with one

composed of all protein sequences in the reversed order. The search parameters were as follows: up to two

missed cleavage sites, 7-30 peptide length, carbamidomethylation of cysteine residues (+57.021 Da) as

static modifications, protein names from FASTA for implicit protein grouping, robust LC (high precision)
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for quantification strategy, and RT-dependent for cross-run normalization. Precursor ions were adjusted to

a 1% false discovery rate (FDR). The mass spectrometry proteomics data have been deposited to the Pro-

teomeXchange Consortium via the jPOST repository with the dataset identifier PXD025750 (Okuda et al.,

2017). Protein quantitation values were exported for further analysis in Microsoft Excel or Prism9.

Statistical analysis

Statistical analysis was conducted using Perseus ver. 1.6.14.0 (Tyanova et al., 2016b), IBM SPSS software ver.

27 and GraphPad Prism9. Bivariate correlation analysis was applied to examine differences between pro-

teins in proteomics data and demographics data by Spearman’s rank and Pearson’s using IBM SPSS soft-

ware ver.27 and R studio (ver. 1.4.1103) (Corrplot, psych, Hmisc and ggplot2 package). The Gene Ontology

(GO) of identified proteins was elucidated with the Database for Annotation, Visualization, and Integrated

Discovery (DAVID) Bioinformatics Resources 6.8. Protein networks and enrichment analysis were generated

using Ingenuity Pathway Analysis (IPA) (QIAGEN) and the Search Tool for the Retrieval of Interacting

Genes/Proteins (STRING) (version. 11.0). Venn diagram analysis was generated using Venny_2.1 (http://

bioinfogp.cnb.csic.es/tools/venny/).
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